Oxygen consumption (Ṁ O 2 ) and activity were evaluated in Antarctic Bryozoa. Three species representing two different morphologies, flat sheet, laminar forms, Isoseculiflustra tenuis and Kymella polaris, and the bush form Camptoplites bicornis were used. In Bryozoa, activity is measured as the proportion of colony zooids with their lophophores extended. In I. tenuis and K. polaris, residual analysis showed that the percentage of zooids with extended lophophores was not correlated with colony Ṁ O 2 . Lophophore extension is, therefore, a poor measure of activity, and other costs (e.g. growth, reproduction, storage) probably form the major metabolic costs. Ṁ O 2 per unit of ash-free dry mass (AFDM) in the laminar forms was low compared with other Antarctic marine invertebrates, but not lower than brachiopods and echinoderms. However, the lowest rate here, 16.8 g O 2 g AFDM ؊1 h ؊1 for a K. polaris colony, is (to our knowledge) the lowest for any animal so far reported. Ṁ O 2 per unit of AFDM for C. bicornis, however, is among the highest reported for sessile or slow moving Antarctic marine ectotherms, with values similar to those for bivalve and gastropod molluscs. The highest rate, 527 g O 2 g AFDM ؊1 h ؊1 for one colony is (to our knowledge) the highest reported for polar animals of this type. Extreme diversity in metabolic strategy may explain the bryozoan long evolutionary record and great success in shallow marine environments worldwide.
INTRODUCTION
Animals use energy for all biological functions. This overwhelmingly involves the use of ATP, which is the direct measure of energy use. However, this is difficult to measure and, in most whole animal investigations, oxygen consumption (Ṁ O 2 ) is used to estimate energy use. This is reasonable, even though the measurement amalgamates many costs, including muscular activity, growth, maintenance and reproduction, which are difficult to separate (Clarke 1993) .
Bryozoans have two major forms, encrusting and upright. Encrusting species live cemented to the substratum, often forming hard discs on rocks. Upright species all live with their major axis at 90°to the substratum. Upright bryozoans have approximately five major mor-phologies (McKinney & Jackson 1991) , three of which are (i) unilaminar fan, a flat sheet with zooids only on one surface; (ii) bilaminar fan, a flat sheet with zooids on both surfaces; and (iii) bush form, with a 3D branching structure. We chose examples of these morphologies to investigate metabolic costs.
Bryozoa are key to understanding evolutionary ecology, because of their extensive fossil record (Taylor 1993) , their clear morphospecies and punctuated equilibrium (Jackson & Cheetham 1990) , preservation of past competitive interactions (McKinney 1995) , and their current high diversity and dominance of many shallow marine sites. One of the most often cited reasons for their success is energy efficiency, which should be evident as low metabolic costs. However, surprisingly few studies have compared bryozoan metabolic costs with other taxa (Cancino et al. 1991 ).
The main hypothesis tested here was that Bryozoa have reduced Ṁ O 2 . For this we evaluated unit tissue maintenance costs, and compared those with other Antarctic taxa. We also aimed to identify metabolic differences between laminar and bush form Bryozoa, and test whether lophophore activity is the major metabolic cost. Isoseculiflustra tenuis is bilaminate, Kymella polaris is bilaminar, and both are 2D, whereas Camptoplites bicornis is bush formed and 3D.
MATERIAL AND METHODS

(a) Colony collection and maintenance
Colonies of I. tenuis, K. polaris and C. bicornis were collected using scuba from sites near Rothera Point, Adelaide Island, Antarctica (67°34Ј S, 68°07Ј W). They were cleaned of epibiota and maintained individually in natural flowing sea water at temperatures between 0°C and ϩ1.0°C, and under a simulated natural light regime. Colonies were held separate at all times. Specimens were held in these conditions for no longer than 72 h.
Specimens were collected in late winter (October 1997) , in a year when the sea surface remained frozen until late December. Microscopical observation of I. tenuis and K. polaris showed them to be in 'winter condition', with many zooids lacking fully developed polypides (living units comprising tentacles, digestive system, etc.). Zooids were often fully regressed with only non-reabsorbable 'brown bodies' present.
(b) Oxygen consumption measurements Ṁ O 2 was measured using closed bottle techniques similar to those of Chapelle & Peck (1995) . Respirometers of 8-60 cm 3 were used, depending on colony size. Preliminary trials showed that Ṁ O 2 was not affected by decreasing oxygen tensions down to 80 mm Hg. In experiments, oxygen tension was always above 100 mm Hg (ca. 65% saturation). Before measuring, Ṁ O 2 colonies were transferred to respirometers without immersing them. These chambers were returned open to the water table for 12-15 h for acclimatization, and ca. 50% of the water in the chamber water was gently replaced at 3-4 h intervals. At the start of Ṁ O 2 trials, the chambers were flushed gently three times with filtered, aerated sea water at 0°C, air bubbles were excluded and the chambers sealed. Sealed chambers were incubated in the water table for 8-24 h before the final oxygen concentrations were measured. Colonies were observed throughout to ensure lophophores were everted. The final oxygen content of chambers was obtained from triplicate injections into a couloximeter, which measures oxygen content to ± 1% (Peck & Uglow 1990) . Colony Ṁ O 2 was obtained by comparison with controls (no colony, n = 5). Colony volume (measured by displacement) was allowed for when calculating the volume available for respiration.
(c) Colony statistics
Following Ṁ O 2 trials, colonies were surface dried between tissues and weighed (live mass). They were then cut in half and reweighed. One half was preserved in 4% formol saline for later assessments of zooid activity, while the other half was used to measure dry and ashfree dry mass (AFDM). Dry mass was obtained following drying for 24 h at 60°C, and ash content from weights following 24 h ignition at 475°C. AFDM was obtained by difference, and all masses were recalculated back to complete colony values from the initial live weight colony proportions. Following drying or ignition, samples were cooled in a desiccator before weighing.
(d ) Colony status and activity
Preserved colony halves were transferred to 70% ethanol and observed under a binocular microscope. Zooids fell into three categories: generating polypide; degenerating polypide; full polypide; and fully degenerated (only ' brown bodies' present). Two hundred randomly selected zooids were assessed per colony. Isoseculiflustra tenuis and K. polaris both cease activity in winter, whereas C. bicornis has lophophores everted year-round (Barnes 1999 ). In addition, I. tenuis has been monitored in situ for lophophore eversion (an indicator of feeding activity) under a long-term monitoring programme at Rothera station (A. Clarke, personal communication) . These data showed our sample was collected towards the end of the no activity period in I. tenuis.
(e) Analysis Ṁ O 2 (µg O 2 h Ϫ1 ) was regressed with colony organic content (AFDM in grams) for all three species. Regression analysis was also used to determine the amount of living material relative to size (volume in cubic centimetres). In all cases data were log (ln) transformed prior to analysis. We plotted residuals of colony activity versus organic content against residuals of colony Ṁ O 2 versus organic content to determine whether particularly high or low activity produced high or low Ṁ O 2 for each colony.
RESULTS
Oxygen consumption variation with colony AFDM was remarkably similar in the two laminate species (figure 1). The slopes of the relationships relating ln(oxygen consumption) to ln(AFDM) for I. tenuis (0.998) and for K. polaris (1.125) are also higher than the slope for the bush form C. bicornis (0.835). However, only the K. polaris slope was significantly higher (t = 2.006, p = 0.026).
Dry mass ranges were 18-419 mg for I. tenuis, 45-351 mg for K. polaris, and 17-314 mg for C. bicornis. Dry to AFDM conversions were 0.48 (s.e. = 0.006) for I. tenuis, 0.30 (s.e. = 0.004) for K. polaris and 0.34 (s.e. = 0.012) for C. bicornis.
The concept of size in relation to metabolism in colonial organisms such as bryozoans is not straightforward. The size measures often used are wet mass or dry tissue mass. In bryozoans, these measures are of little value because of the large amounts of skeleton. Inorganic contents here were as follows: I. tenuis, 51.5% (s.e. = 0.59); K. polaris, 70.4% (s.e. = 0.39); and C. bicornis, 66.5% (s.e. = 1.18). Thus, colony organic content (AFDM) was used as the metric of quantity of metabolizing tissue. Another good metric of size in organisms of this type is space (volume) occupied. AFDM and volume in the species studied here were very tightly correlated. In regressions, all correlation coefficients were greater than 0.95 and F-values were high (table 1). All also had slopes close to 1, showing organic mass and volume scale isometrically.
Activity in bryozoans is measured as the proportion of zooids with active polypides (Dyrynda & Ryland 1982; Barnes 1999 ), or by observing periods when lophophores are everted, and colonies actively feeding (Barnes & Clarke 1994 , 1995 . Measures of proportions of zooids with active polypides were made here for I. tenuis (mean = 70.2%, s.e. = 1.84, range = 30.9-81.0), and for K. polaris (mean = 25.5%, s.e. = 0.97, range = 14.3-34.4). There was a significant but poor relationship between polypide activity and colony AFDM in K. polaris (figure 2, inset) and no relationship in I. tenuis. This suggests there to be no strong relationship between colony size and polypide activity. As a measure of the cost of activity, residuals of percentage activity versus AFDM were regressed against residuals of the oxygen consumption (Ṁ O 2 ) versus AFDM relationship for the same species. Thus, if polypide activity significantly affects metabolic rates, these residuals should be strongly correlated. There was no relationship between residuals for percentage activity versus ln(AFDM) and residuals of ln(Ṁ O 2 ) versus ln(AFDM) (figure 2).
DISCUSSION (a) Growth form and metabolism
Bryozoa are colonial and clonal animals whose colonies exhibit a wide range of growth forms. Among the most ubiquitous of the erect morphologies are laminar and bush forms. Laminar species grow in a 2D fashion, whereas the bush forms are 3D. In this investigation the laminar forms, the unilaminar (zooids only on one surface) I. tenuis and the bilaminar (zooids on both surfaces) K. polaris both had metabolic scaling coefficients near to 1. Thus, metabolic There was no significant relationship between the variables (r 2 = 0.000; F = 0.16; p = 0.70). There was also no significant relationship between these residuals for Isoseculiflustra tenuis (r 2 = 0.038; F = 2.12; p = 0.16). Inset: plot of percentage activity versus colony AFDM (in grams) for K. polaris. Activity (percentage zooids with active polypides) was negatively related to size (AFDM in grams) (percentage activity = 10.88 Ϫ 4.34 ln(AFDM); r 2 = 0.19; F = 7.76; p = 0.009). Activity (%) was not related to colony size in I. tenuis (r 2 = 0.031; F = 1.94; p = 0.175).
costs increase in direct proportion to organic mass, and older polypides maintain the same metabolic rate as new polypides. This may be owing to their long polypide lifespans (nine months) and the production of up to five polypeptides sequentially in each zooid box (Barnes & Clarke 1998) . Metabolic scaling in these 2D animals was also clearly different from the 3D bush form C. bicornis whose scaling coefficient (0.84) was significantly less than 1. Previous studies of metabolism in laminar bryozoans also found scaling coefficients near 1 (Hughes & Hughes 1986; Munoz & Cancino 1989; Cancino et al. 1991) .
(b) Oxygen consumption and activity Activity costs energy, and increased activity results in elevated metabolism. The difference between minimum metabolism and maximum aerobic rate is termed the aerobic scope, and defines the maximum sustainable work rate (Peck 1998 (Peck , 2002 . Bryozoans, with few exceptions , are sessile and live attached to rocks. There is no locomotion and, in most cases, the only observable activity is the extension of the feeding apparatus, the Proc. R. Soc. Lond. B (Suppl.) lophophore, which has been used to identify feeding periods (Barnes & Clarke 1994 , 1995 . Lophophore extension and pumping water is the assumed major bryozoan energy cost because it is virtually the only discernible activity. Our data indicate that this cost is small in Bryozoa because there was no relationship between levels of lophophore activity and Ṁ O 2 (figure 2). Maintaining feeding currents requires energy, but these costs must be small compared to others, for example, growth, translocation of stored material, polypide regeneration, etc. Lophophore extension may be much less expensive than previously envisaged because it is purely hydrostatic, involving no muscular activity. Muscles withdraw the lophophore, when needed, but extension is hydrostatic. Thus the significant costs associated with lophophore extension in Bryozoa are ciliary-driven water movements and tentacle flicking, clearly only minor costs in our species.
(c) Metabolic rates in Bryozoa Bryozoa have traditionally been described as energy efficient, with very low metabolic costs. Much debate concerning their success over evolutionary time and in deep sea and polar environments has invoked putative advantages through low energy use, along with taxa such as sponges, brachiopods and echinoderms (Emson 1985; McKinney & Jackson 1991; James et al. 1992) . Despite a lack of supporting data, low resource requirement via extreme metabolic efficiency is often used to explain their widespread dominance in shallow-water communities. Colonial animals are abundant and often dominate polar waters, and Ṁ O 2 has been measured for a wide variety of polar animals, yet no evaluations of colonial species exist. Our Ṁ O 2 per unit organic tissue analyses show fundamentally different metabolic strategies for C. bicornis, compared with I. tenuis and K. polaris (figure 3). The latter includes, to our knowledge, the lowest value measured for polar marine invertebrates to date, 16.8 g O 2 g AFDM Ϫ1 h
Ϫ1
. However, their mean metabolic rates and range of Ṁ O 2 values are not markedly different from other polar low-metabolism groups, for example, brachiopods and echinoderms. The data for the laminar I. tenuis and K. polaris are therefore consistent with an energy efficient strategy. Mass-specific Ṁ O 2 in C. bicornis is very surprising ( figure 3 ). This bush morphology species has high organic mass-specific Ṁ O 2 for a polar marine invertebrate, and, to our knowledge, has the highest individual value recorded (527 µg O 2 g AFDM Ϫ1 h Ϫ1 ). Its range parallels the higher metabolic rate groups, bivalve and gastropod molluscs. There was no overlap in the data between C. bicornis and I. tenuis and K. polaris. Thus, the metabolic Harper & Peck (2003) , with permission.) strategies of C. bicornis and the laminar forms differ fundamentally.
Possibly the most unexpected result here is the large difference between mass-specific metabolic rates across the species studied. To our knowledge, both the highest and lowest values on record for polar animals were obtained. Thus, Bryozoa exhibit great diversity and flexibility in metabolic strategy between forms. This diversity probably enhances their overall success, and may be the key to their dramatic success over evolutionary time.
